Japanese wireweed, Sargassum muticum is an invasive species to Great Britain, which might be controlled by harvesting it for energy and chemicals. Pyrolysis is the thermal decomposition of the organic components of dry biomass by heating in the absence of air. The distribution of matter between solid, liquid and syngas depends on the biomass and the pyrolysis temperature and time. Slow pyrolysis with lower temperatures (~ 400⁰ C) tends to produce more solid char. Pyrolysis char can be an effective soil ameliorant, a sequestration agent due to its stability or burned as a fuel.
Introduction
The environmental and economic impacts of biological invasions of non-native species were estimated to be in early part of the last decade ~ US$ 1.4 trillion per year, equivalent 5 % of the world economy (Engelen & Santos, 2009) . The estimated cost of non-native species in the Great Britain for 2010 was £ 1.7 billion per year with the cost of invasive marine species to shipping and aquaculture estimated to be in excess of £ 40 million per year (Cook et al., 2013) .
Sargassum muticum, Japanese wireweed, is native to the northwest Pacific region (Edwards et al., 2014) . It first was 'introduced' outside of it natural range to British Columbia and has become the dominant species at the low-tide level in many areas on the west coast of North America (Fletcher & Fletcher, 1975) . It first appeared in Europe in the early 1970s, and is now found on shorelines from Norway to Portugal (Engelen & Santos, 2009 ). Since its first recorded find in the UK, on the coast of the Isle of Wight, it has spread along the south-coast and around the British Isles (Davison, 2009; Gibson, 2011) . It has been described as very invasive and perhaps the most 'successful' invasive species in the UK in terms of its rate of spread (Davison, 2009) . Under the EU's Water Framework Directive the UK has identified it as a species of high priority (Davison, 2009) .
Sargassum muticum has been exploited for aquaculture in China (Liu, Pang, Gao, & Shan, 2013) and as a traditional food in Korea (E. J. Yang, Ham, Lee, Lee, & Hyun, 2013) , there is currently no commercial exploitation of this biomass in Europe (Lodeiro et al., 2004) . The valorisation of Sargassum muticum biomass for fuel and other products could encourage its harvesting and control.
One potential product could be biochar, defined as a solid material obtained from the carbonisation of biomass used to improve soil properties (Meyer, Glaser, & Quicker, 2011) . The difference between charcoal and biochar is primarily in the end use with charcoal being used as a fuel and biochar as a nonfuel (Tenenbaum, 2009) . Biochar is produced by pyrolysis, the thermal decomposition of the organic component of dry biomass by heating in the absence of air (McKendry, 2002; Saidur, Abdelaziz, Demirbas, Hossain, & Mekhilef, 2011) . Pyrolysis can produce high volumes of fuel relative to the biomass feed and the process can be modified to favour the production of bio-oil, syngas or solid char (Miao, Wu, & Yang, 2004) . The distribution between solid, liquid and syngas depends on the biomass and the pyrolysis temperature and time. Lower temperatures (around 400 °C) tend to produce more solid char (slow pyrolysis). Higher temperatures produce a higher proportion of liquid (biocrude) and gas. Pyrolysis processes can be classified by temperature and processing time. While there are no formal definitions, slow pyrolysis is characterised by long residence times (from minutes to days for solids) at low reactor temperatures (< 400 o C) with very low rates of heating (0.01 -2 o C s -1 ) (Milledge & Heaven, 2014; Peacocke & Joseph, ND) , with slow pyrolysis resulting in higher yields of char rather than the liquid or gaseous products from higher temperature process (Brennan & Owende, 2010; Ghasemi et al., 2012) . Charcoal was traditional produced in earth kilns with pyrolysis, gasification, and combustion processes occurring in kiln. However, biochar is now produced by slow pyrolysis in metal retorts, such as the Exeter retort (Rawle, 2014) , where pyrolysis and combustion processes are physically separated (Meyer et al., 2011; Peterson & Jackson, 2014) , that could co-produce solid char, liquid bio-oil and pyrolysis gas.
Char from pyrolysis may be utilised directly as a sequestration agent due to its stability, burned as an industrial fuel, used in a variety of applications such as carbon nanotubes and agrochemicals or further upgraded to a hydrogen-rich fuel (Rowbotham, Dyer, Greenwell, & Theodorou, 2012) . During the last decade, biochar has received a lot of attention, both from scientists and policy makers as a soil enhancer to potentially increase agricultural yields and simultaneously sequester carbon to help mitigate climate change (Shackley & Sohi, 2010; van der Kolk & Zwart, 2013) . In bioenergy−biochar systems (BEBCS) the evolved volatile and gaseous compounds from the pyrolysis of biomass, are utilised for biofuel or bioenergy production while the carbon-rich solid biochar is used as a soil improver (Woolf, Lehmann, Fisher, & Angenent, 2014) . Although, increasing biochar production entails a reduction in bioenergy obtainable per unit of biomass feedstock, a model of BEBCS for dry terrestrial biomass (< 15 % moisture) suggests that it could produce net energy and biochar (Woolf et al., 2014) .
Research on the pyrolysis of microalgae is 'quite extensive' and has achieved reliable and promising outcomes (Marcilla, Catalá, García-Quesada, Valdés, & Hernández, 2013) , but there appears to be less work on seaweed and much of the work carried out has used fast rather than slow pyrolysis for the production of oil rather than char (Milledge & Heaven, 2014; Milledge, Smith, Dyer, & Harvey, 2014; Yanik, Stahl, Troeger, & Sinag, 2013; Zhou, Zhang, Zhang, Fu, & Chen, 2010) . The char from the pyrolysis of algae, however, has been found to be an effective soil ameliorant and fertiliser and could be an additional revenue stream (Bird & Benson, 1987) , but the thermal behaviour of seaweeds is complex with a myriad of diverse reactions and thermolysis pathways (Rowbotham, Dyer, Greenwell, Selby, & Theodorou, 2013) . It is suggested considerable further study is required to discover if and how this could be exploited to commercialise seaweed for fuel and chemicals (Ross, Jones, Kubacki, & Bridgeman, 2008) . Could the destruction of the invasive species to the UK, Sargassum muticum, by slow pyrolysis be energy efficient and produce a valuable product biochar? 2. Method
Species and Sample Collection
Sargassum muticum (Japanese wireweed) (Figure 1 ), was collected as part of a project to remove it from the Kent coast during March 2014. It was harvested with the holdfast to prevent regrowth and had natural contaminants such as mud, sand, chalk, small animals, other seaweeds etc. Excess chalk attached to Sargassum muticum was removed from the holdfast dried and weighed. Samples after collection were immediately placed in sealed bags and frozen and stored at ≤ 20 °C on return to the laboratory within 24 hours. Moisture and ash determinations were carried out. Seaweed fronds showing minimum contamination were removed from oven dried samples (105 °C for 24 hours) and determination carried out to establish calorific value; and C, H, S, N and ash content
Dry Weight Determination
The moisture content was established using the British Standards simplified oven drying method for the determination of moisture content in solid biofuels (BSI, 2009b) . All measurements were repeated in triplicate and a mean value is reported. Samples after drying were stored in sealed container at 4 °C for further experimentation.
Ash Determination
The ash content of dried seaweed sample was measured using the British Standards method for determination of ash content in solid biofuels (BSI, 2009a) . Again all measurements were carried out in triplicate and a mean value is reported. Ash was also examined by X-ray diffraction (XRD) analysis after grinding in a pestle and mortar to a fine powder <10μm
Calorific or High Heating Value Determination
Calorific values (CV) or Higher Heating Values HHV were measured using a Parr Model 1341 Bomb Calorimeter using the UKAS method for Determination of calorific value (BSI, 2010) . The samples were oxidised by combustion in an adiabatic bomb containing oxygen under pressure and the HHV determined by measuring the temperature rise of a known mass of water. The dissolved sulphate and nitrate were calculated from titration to adjust for their contribution. A minimum of two determinations were carried out for each sample and a mean is reported.
Elemental Analysis
The carbon, hydrogen, nitrogen and sulphur content of the dried seaweed biomass were measured using Flash Dynamic Combustion (Flash EA1112 CHNS Elemental Analyser). The oxygen content was established by difference.
Slow Pyrolysis
Approximately 50 g of seaweed was subject to slow pyrolysis in a test-rig made from standard laboratory glassware, shown in Figure 2 , which attempts to simulate the conditions in a commercial biochar retort, where biomass is heated externally in the absence of a flow of air. The temperature of the centre of seaweed biomass was taken at regular intervals during heating. The weight of initial dry seaweed, biochar and biocrude were measured.
www.ccsen Gas was co density of syringe of
Results

Seawe
The moistu analysis, u The ash content of the dry seaweed used as feedstock for pyrolysis was higher 34.7 % (SD 1.18 %) than that from seaweed fronds analysed (Table 1) due to natural contaminants such as mud, sand and chalk (Figure 1 ). The percentage weight yield and HHV of the pyrolysis products are shown in Table 3 Some viscous brown residues remained in the test rig, due to the use of standard laboratory glassware, including expansion and reduction connections, in construction of the test-rig. It has been termed 'tar hold-up' in Table 3 . 79.9 % of the tar hold-up was removed by rinsing in hexane leaving dark brown tar like deposits that were believed to be long molecular weight organic compounds (high molecular weight hydrocarbon are known to be insoluble in Hexane (EPA, 1998)).
The ash content of the biochar was found to be 52.4 % (SD 1.8 %). Assuming that all the ash content remains within the biochar during pyrolysis this in close agreement with the calculated ash content of biochar of 51.5 %. HHV of the non-ash solids within the biochar, estimated from the measured HHV of the biochar and its ash content, is 33 MJ kg -1 , which is in close agreement with HHV for graphite of 33 MJ kg -1 (Plummer, 1930) and typical wood charcoal of 32 MJ kg -1 (Misginna & Rajabu, 2012) indicating that biochar is probably mainly comprised of carbon.
Energy Balance
The energy in 1 kg of Sargassum muticum, adjusting for the higher ash content of the samples pyrolysed compared to the sample used to establish HHV, was calculated at 15.2 MJ. Using the yield and HHV data in Table 3 the energy yield of biochar and biocrude from 1 kg of Sargassum muticum was calculated to be 10.6 MJ and 2.6 MJ. Using the yield data in Table 3 for syngas and 'tar-hold-up' and typical HHV data for syngas 2.9 MJ kg Vol. 5, No. 1; 2015 yields of up to 96 % for a range of 6 terrestrial biomass feedstocks and suggested that pyrolysis energy yields from biomass will be typically above 90 % and always below 100 % (Brownsort & Dickinson, 2010) .
Pyrolysis of biomass comprises both exothermic and endothermic processes, with the net enthalpy change of the pyrolysis chemical reactions being positive or negative, depending both on feedstock characteristics and process conditions with factors encouraging char formation such as those in slow pyrolysis tending to produce an overall process that is exothermic (Woolf et al., 2014) . The specific heat of seaweed is 0.8-2.2 J ⁰K -1 g -1 (Wang et al., 2014) with the specific heat of low moisture or dry seaweed being reported as 1.3 J ⁰K -1 g -1 (Balingasa & Elepaño, 2009; Sarbatly, Wong, Bono, & Krishnaiah, 2010) . Assuming no heat loss or gain as a result of reactions in pyrolysis (isoenthalpic reaction) and a specific heat of 1.3 J ⁰K -1 g -1 the energy required to increase the temperature of 1 kg of dry seaweed by 400⁰ C in slow pyrolysis was estimated at 0.5 MJ. The HHV of syngas and biocrude produced from the pyrolysis totalled 2.9 MJ. There is, therefore, sufficient energy in the biocrude and syngas fractions produced by the pyrolysis of seaweed to power the process and produce useful biochar.
Drying is required prior to pyrolysis. The removal of water from the algal biomass by evaporation often requires considerable energy. To heat and evaporate water at atmospheric pressure from a temperature of 20 °C, requires an energy input of approximately 2.6 MJ kg -1 or over 700 kWh m -3 (Mayhew & Rogers, 1972; Weast, 1985) . To produce one kilogram of dry seaweed from seaweed containing 79.9 % moisture will require the evaporation of 3.97 kg water and 10.3 MJ of energy. Dryer typical efficiencies are 30-80 % and vary with equipment, operating conditions and feed (Earle & Earle, 1983) . Tunnel dryers have an efficiency ~50 % (Mujumdar, 2007) . The energy within the seaweed (15.2 MJ) would therefore be insufficient to remove the water from the wet seaweed to produce dry biomass for pyrolysis. This finding is in agreement with the results of a recent model of pyrolysis which suggest that high water content biomass (>35 %) will not be energy positive for the production of biochar and bioenergy due to the high energy requirement for drying the feedstock (Woolf et al., 2014) . Solar drying does not require fossil fuel energy, but is weather dependent and can cause considerable denaturation of organic compounds. It is the least expensive drying option (Brennan & Owende, 2010) , but large areas are required as only around 100 g of dry matter can be produced from each square metre of sun-dryer surface (Oswald, 1988) . Sargassum muticum is unable to survive drying (Edwards et al., 2014) and therefore if sufficient areas of land adjacent to the areas from where it is to be removed could be found for solar drying there may be a low risk of the potential 're-infestation'.
Conclusion
There is sufficient energy in the biocrude and syngas fractions produced by the pyrolysis of seaweed to power the process and produce useful biochar. The high ash content of the biochar produced from the pyrolysis of seaweed, however, could restrict its use as a soil conditioning agent or as a charcoal fuel. There is insufficient energy within the seaweed for drying and solar drying or a similar low input-energy method prior to pyrolysis will be required
